During the last decade, annual tuberculosis (TB) case-notification rates increased 4-fold, to 14000 cases/100,000 person-years, in the study workforce, among whom prevalence of human immunodeficiency virus (HIV) was 30% in 2000. Three separate cohort studies, totalling 6454 HIV-negative participants, were combined and analyzed for time trends. Observed incidence of TB varied between 962 (1991-1994) and 1589 (1999-2000) cases/100,000 person-years ( , test for trend). There was, however, a progressive increase in age, and, for each period, P p .17 older age was associated with increased incidence rates of TB ( ). Having adjusted for age differences, P ! .001 there was no significant association between incidence of TB and calendar period ( , test for trend). Human immunodeficiency virus (HIV) infection greatly increases the risk of tuberculosis (TB) disease after either remote or recent TB infection. In consequence, the global burden of TB disease is being increased by the HIV epidemic [1] . Incidence rates of TB in sub-Saharan Africa have been increasing every year for over a decade, amounting to a 10-fold increase in some countries [2] .
, test for trend). There was, however, a progressive increase in age, and, for each period, P p .17 older age was associated with increased incidence rates of TB ( ). Having adjusted for age differences, P ! .001 there was no significant association between incidence of TB and calendar period ( , test for trend). P p .81 Relative to 1991-1994, multivariate-adjusted incidence-rate ratios were 0.94, for 1995-1997, 0.96, for 1998-1999, and 1.05, for 1999-2000. Preventing a secondary epidemic of TB among HIV-negative individuals may be achievable with conventional means, even in settings with a high burden of HIV-associated TB.
Human immunodeficiency virus (HIV) infection greatly increases the risk of tuberculosis (TB) disease after either remote or recent TB infection. In consequence, the global burden of TB disease is being increased by the HIV epidemic [1] . Incidence rates of TB in sub-Saharan Africa have been increasing every year for over a decade, amounting to a 10-fold increase in some countries [2] .
The extent to which the increasing burden of HIVassociated TB has affected TB transmission rates, however, is not yet clear. TB in HIV-positive individuals tends to be less infectious than TB in HIV-negative individuals [3] . A higher proportion of disease is sputum-smear negative or extrapulmonary [4] , and progression to diagnosis or death is more rapid, so that the infectious period is shortened [5, 6] . The net effect on TB transmission is therefore unpredictable. TB transmission rates are difficult to measure directly, but, so far, studies of the annual risk of TB infection (ARTI) in areas of high prevalence of HIV, indicated by age trends in tuberculin skin test reactivity in children, have shown surprisingly little change from the pre-HIV era, in some [7, 8] , but not all [9] , countries. These studies, however, are relatively insensitive to changes over short periods of time, since they measure average exposure rates over a period of several years.
Trends in incidence rates of TB in HIV-negative adults provide an indirect, but potentially sensitive, indicator of trends in TB transmission rates. This is because recently acquired TB infection is a strong risk factor for TB disease, even in HIV-negative adults living in areas in which TB is endemic [10] [11] [12] [13] . Indeed, data Figure 1 . Time trend in tuberculosis (TB) case-notification rates, among the workforce of South African miners in the present study. TB figures for the workforce were reported to Chamber of Mines, South Africa [18] . Nos. include patients treated for non-tuberculous mycobacterial disease, as well as those treated for TB. a Case-fatality rate of 1% for HIV-negative patients with TB at the study site [22] .
from the last century indicate that recently acquired TB infections were the predominant cause of adult TB disease in most settings, the exception being when TB transmission rates had decreased from high to very low levels, as they did in Western Europe during the second half of the last century [10, 11] . Thus, changes in background TB transmission rates are likely to be rapidly reflected by changes in the TB incidence rates of HIV-negative individuals living in areas of high prevalence of HIV [10, 11, 14] . In most settings of high prevalence of HIV, the ability to monitor trends in incidence of TB, by HIV status, is limited by lack of detailed surveillance. The present study, however, uses data from 3 cohort studies of incidence of TB in gold miners from a single workforce in South Africa who were tested for HIV infection [6, 15, 16] . The main aim was to investigate time trends in the incidence of TB in HIV-negative men over a 10-year period during which prevalence of HIV had increased from a very low rate (1.4% of patients with sexually transmitted diseases; G.J.C. unpublished data) in 1991 to high rates (24% [17] and 30% [6] of the general workforce, respectively) in 1999 and 2000. Gold miners are unusually susceptible to TB disease, because of occupational exposure to silica dust, which is a strong risk factor for TB, a risk factor that interacts multiplicatively with the risk from having HIV infection [15] . The effect of the HIV epidemic has been to greatly increase incidence of TB, from an already high case-notification rate for the whole workforce (1143 cases/100,000 person-years) in 1990 to an even higher rate (4156 cases/100,000 person-years) in 1999 (figure 1) [18] .
PATIENTS AND METHODS
Data from 3 cohort studies of men from a single workforce who were tested for HIV infection [6, 15, 16] were combined and analyzed in 4 periods (1991-1994, 1995-1997, 1999-1998 and, 1999-2000) . Two of the cohorts have been fully described elsewhere [15, 16] .
Study population and brief overview of cohort selection. The designs of the 3 studies are summarized in table 1. Data from the first study were split into 2 periods, 1991-1994 and 1995-1997, as in the original study [15] . For the first 2 cohorts (1991-1997 and 1998-1999) , hospital laboratory and payroll records were used to identify all current employees who had been tested, since 1991, for HIV infection at primary health care clinics, in which the predominant indication for HIV testing is a symptomatic sexually transmitted infection. Men entered the 1991-1997 cohort 3 months after they had been tested for HIV infection. The cohort was retrospective but used computerized employment records, a database of all patients with TB since the 1980s, and routine diagnostic data from a standardized series of investigations used for all TB suspects, in- cluding smears, cultures, and serial radiographs. Men in the 1998-1999 cohort were prospectively followed up for all causes of hospital admission. Outpatient TB diagnoses were ascertained retrospectively, by use of the same routine data as for the 1991-1997 study, and are included in this study but not in the previous one [16] . Men in the 1999-2000 cohort were systematically recruited at the time of their annual fitness examination, for a crosssectional study of prevalences of TB and HIV [6] . The participation rate was 88%. The annual fitness examination routinely includes a chest radiograph, but study participants also underwent confidential HIV testing, with informed consent, and sputum and symptom screening, to identify prevalent cases of active TB. Cases of TB diagnosed during the year preceding the date of enrollment were identified from the TB database. In the present study, cases of TB identified at the time of recruitment into the study were included as incident cases if identified through routine chest radiography but not if detected only through the intensified case-finding methods used by the study team.
Case definitions. In all 3 cohorts, the same case definitions were used for TB disease. All patients had a compatible clinical illness or new radiological changes, plus the following:
(1) Isolation of у5 colonies of Mycobacterium tuberculosis from any clinical specimen; or (2) Acid-fast bacilli seen on 2 sputum specimens or on 1 tissue biopsy specimen; or (3) Failure to respond to broad spectrum antibiotics but improvement as a result of treatment for TB.
HIV-specific case-notification rates. In a separate analysis, HIV-specific case-notification rates were calculated from whole-workforce case-notification rates, for years in which prevalence of HIV was measured both in patients with TB and in the general workforce. Whole-workforce case-notification rates were available from annual reports made to the Chamber of Mines, South Africa. Since 1993, HIV testing has been routinely offered to all patients with TB, with ∼90% undergoing testing [19] . Estimates of prevalence of HIV were made for the general workforce during the 1990s in 2 separate studies [17, 20] . HIV-specific TB case-notification rates were estimated from these data by use of the following formulas: Rate of TB Data analysis. Data were analyzed with STATA 7.0 software (STATA). Data sets from each cohort were merged into a single file, and individual records were expanded into personyear follow-up periods, according to age, employment duration, and calendar period. In each cohort, follow-up was terminated at first TB diagnosis, end of the study period, death, or date of leaving employment for subjects of the first 2 studies who left the workforce before the end of the study.
Poisson regression was used to calculate univariate and multivariate-adjusted incidence-rate ratios (IRRs) for different variables from the expanded data set. Tests for trend were calculated for variables with 12 categories, by use of likelihood ratio tests.
RESULTS
The number of participants and their baseline characteristics are shown in table 2. There were marked differences between the 3 cohorts, in terms of age and duration of employment. There has been a progressive increase in age and median employment duration of South African miners during the last 2 decades [21] . This has been particularly marked in the study workforce, which contracted from 170,000 persons, at the start of the 1990s, to 23,000 persons, in 1999. Probably related to this are minor but significant differences in the proportion of each cohort with a past history of treatment for TB, and, for the 1991-1997 and 1999-2000 cohorts, the proportion with silicotic changes on chest radiography. Radiographs were not graded for subjects in the 1998-1999 cohorts.
Incidence rates of TB among HIV-negative miners are shown by period infigure 2 and table 3. Observed incidence of TB varied between 962 (1991-1994) and 1589 (1999-2000) cases/ 100,000 person-years, across the 4 periods considered. The increase was not significant ( , test for trend), however, P p .17 and disappeared when rates were adjusted for the progressive increase in age of subjects for the 4 periods. There was no significant trend in age-specific incidence rates of TB, which are shown in figure 3 .
Age was a strong risk factor for TB in each of the 3 cohorts, as was silicosis grade in the 2 cohorts for which it was determined. A history of treatment for TB was a significant risk factor for TB disease in both univariate (IRR, 3.3; 95% confidence interval [CI], 2.0-5.5) and multivariate-adjusted analyses (IRR 2.2 95% CI 1.4-3.8). Working on the surface, as opposed to in the mine, was associated with a significantly reduced risk of TB in both univariate (IRR, 0.3; 95% CI, 0.13-0.76) and multivariate analyses (IRR, 0.3; 95% CI, 0.15-0.87), probably reflecting lower rates of exposure to silica dust [15] . As shown in table 3, calendar period was not a significant risk factor for TB in either univariate or multivariate analysis, and the multivariate-adjusted IRRs were close to 1.0 for each period.
Incidence of TB for the 1999-2000 period was based on the 12-month period preceding enrollment, during an annual fitness examination that all mining employees routinely undergo. To investigate whether selection bias had been introduced by this strategy, the number of TB cases diagnosed 6-18 months before enrollment was ascertained and was compared to the number diagnosed 0-12 months before enrollment. Totals of 20 and 22 cases of TB occurred within the same cohort in the respective 12-month periods, giving no indication that recruit- ment from the annual fitness examination had led to biased selection against patients receiving treatment for TB. As a further check, HIV-specific TB case-notification rates were calculated from whole-workforce rates, for the years in which prevalence of HIV was measured both in the general workforce and in patients with TB, as detailed in Patients and Methods. These rates are shown in table 4, for 1993, 1996, and 1999, together with the prevalence of active TB detected in the general workforce at the routine, annual screening radiograph. Case-notification rates are expected to be higher than incidence rates of TB, since they represent all treated cases, including non-tuberculous mycobacterial (NTM) disease, which accounts for 10%-15% of the burden of mycobacterial disease in HIV-negative miners and for 5%-10% in HIV-positive miners [19] and case subjects not meeting formal case definitions. In the above cohort analysis for the last 2 periods, calculated HIV-negative case-notification rates were within 30% of the unadjusted incidence rates of TB and showed a minor upward trend from 1993 to 1999, similar to the cohort analysis before adjustment for age. The radiological prevalence of TB at the annual radiological screening also remained relatively constant, as shown in table 4, for 1990, 1993, and 1996 [19] .
DISCUSSION
This study has demonstrated remarkably constant age-specific incidence rates of TB among HIV-negative employees in a South African gold-mining workforce that has experienced a severe epidemic of HIV-associated TB during the 1990s, which was preceded by decades in which incidence rates of TB were high, because of occupational risk factors, but relatively stable as well [21] .
The increases in incidence of TB among HIV-negative miners between 1991 and 1994 and between 1999 and 2000 were closely associated with increasing age, and there is no evidence of any underlying change in age-specific incidence rates of TB over time. Age-adjusted IRRs, for period, were all close to 1.0, being 1.05 for the final period (1999) (2000) , compared with the first Figure 3 . Age-specific incidence rates of tuberculosis (TB). In each period, there is a highly significant trend toward increasing incidence of TB with increasing age ( , test for trend on the combined data), P ! .001 but there is no evidence of a significant difference between age-specific incidence rates of TB at the 4 different calendar periods ( , test P p .81 for trend, controlling for age group).
(1991-1994). Incidence rates of TB in HIV-negative individuals are highly dependent on background TB transmission rates [10, 11] , and, therefore, this finding suggests that TB transmission rates may have been similarly static. This is in stark contrast to the 4-fold increase in overall TB case-notification rates at the workforce level over the same 10-year period, demonstrating that the responses to measures to control TB within HIVinfected and -uninfected subpopulations are quite different from those at the population level.
The analysis presented here was based on 3 distinct cohorts of miners who were tested for HIV infection, so that the results could have been affected by the different selection criteria used. Incidence of TB was determined for the year preceding the enrollment date for the latest cohort, so that fatal cases of TB will not have been recorded. TB case-fatality rates for HIVnegative miners in this workforce are very low (1%), however, as are rates of loss to employment during treatment for TB [22] . The earlier cohorts were followed forward in time, so that deaths would have been recorded, but HIV-testing was not routinely repeated, resulting in a potential source of inaccuracy from unrecognized HIV seroconversion. Individuals known to have become HIV-positive were excluded, however, and all but a small proportion of patients with TB consented to repeat HIV-testing to confirm HIV negativity [15, 16] . Thus, the potential for artificially high incidence of TB, due to inclusion of HIV-associated TB, is low, as is the potential to have underestimated incidence of TB by the failure to record fatal cases in the 1999-2000 cohort. Moreover, our results are consistent with case-notification rates for HIV-negative miners estimated independently from overall case-notification rates and paired data on prevalence of HIV, for patients with TB and from the general workforce, making it likely that our results are a true reflection of trends in the workforce, despite the inherent potential for bias in the study design.
If the static rates of incidence of TB among HIV-negative miners reported here do reflect relatively static TB transmission rates, then 2 factors of particular relevance are (1) the natural history of HIV-associated TB and (2) the quality of the TB control program. Despite the marked effect on incidence rates of TB, the point prevalence of active TB disease in miners differs little by HIV status [6] . This reflects a reduced infectious period before diagnosis that can be explained by more-rapid progression of HIV-associated TB and is likely to be associated with a reduced potential to transmit TB to others [5, 6] . Thus, although the case load of patients with TB has increased markedly during the 1990s, the effect on TB transmission is likely to have been offset by a progressive reduction in the number of secondary infections generated by each patient with TB. In keeping with this interpretation, one independent observation is that the prevalence of radiologically active TB in the workforce, detected at the annual fitness examination, has remained relatively constant, increasing by only 13% between 1990 and 1996, during which time TB case-notification rates had increased by 116%, as shown in table 4 [19] . In any given community, prevalent TB disease is directly correlated with the risk of TB infection [14] , providing support for our deduction that TB transmission rates have changed little during the 1990s.
The TB control program is also unusually intensive and, since 1977, has included an annual chest radiograph for active casefinding purposes plus diagnosis of symptomatic patients by use of microscopy, rifampicin-based treatment regimens with uninterrupted drug supplies, and outcome monitoring with follow-up of patients who default [23] . In 1995, the program was adapted to conform to all aspects of the directly observed therapy-short course (DOTS) strategy promoted by the World Health Organization (WHO) [2] , but with diagnostic TB cultures and continuation of the active case-finding program in addition. Treatment outcomes exceed WHO targets of cure in 85% of cases [19] . Drug resistance is uncommon, and there is routine sensitivity testing and individualized treatment of drugresistant TB [24] . In settings of low prevalence of HIV, notably in Peru, replacement of a previously weak TB control program, by DOTS, has lead to decreasing incidence rates of TB, attributable to improved case-finding and secondary reductions in TB transmission [2, 25] . Reduction in age-and HIV-specific incidence rates of TB resulting from the change to DOTS may not be a realistic expectation in the workforce in the present NOTE. Data are no. of cases/100,000 person-years of patients with non-tuberculous mycobacterial disease, who account for 10%-15% of mycobacterial disease in HIV-negative miners and a lower percentage of HIV-positive miners [19] , unless otherwise noted. Routine rates are derived from other studies (TB case rates [18] , radiological prevalence of TB [19] , prevalence of HIV in whole workforce [17, 20] , and prevalence of HIV in patients with TB [19] study, however, since the program in place for the previous 3 decades already included most of the key elements. The combination of an intensive TB control program and the rapid progression and lower per-case infectivity of HIVassociated TB appears to have succeeded in maintaining static TB transmission rates, despite the failure to control incidence rates of TB. Experience from other locations suggests that this finding may be generalizable: Tanzania has reported a static annual risk of TB infection (ARTI) during a decade in which TB case-notification rates increased 4-fold [8] , whereas a population-based study in Abidjan, Cote d'Ivoire, reported decreasing rates of TB among HIV-negative individuals during a decade in which overall case-notification rates remained constant because of an increasing burden of HIV-associated TB [26] . In Tanzania and Cote d'Ivoire, as in our setting, there had been both an increase in prevalence of HIV among patients with TB and intensification of the TB control program. In contrast, ARTI in Kenya has increased since the onset of the HIV epidemic [9] , but there are other possible causes for this, since the country also has suffered 2 decades of economic decline with decreasing per capita expenditure on health, decentralization of the TB control program, and increasing numbers of individuals living in poverty [27] [28] [29] .
Although the intensive DOT-based approach may have stabilized TB transmission and incidence of TB among HIV-negative miners, overall case-notification rates and mortality from TB have increased dramatically with the onset of the HIV epidemic [19, 22] , providing a clear demonstration of how the conventional approach fails HIV-infected persons. Incidence rates of TB and mortality can be expected to remain high unless TB transmission rates are reduced to well below their pre-HIV levels and the majority of HIV-infected miners are diagnosed early and are protected from the consequences of latent TB infection and ongoing transmission events. Antituberculous preventive therapy has had limited success in South African miners [30] , whereas the role that antiretroviral therapy plays in areas in which TB is endemic has become the subject of much speculation and hope [31, 32] . The recent announcement that antiretroviral therapy is being made available to large numbers of miners in South Africa is, therefore, a major step forward and may provide valuable lessons for all people concerned with control of TB in areas of high prevalence of HIV. In summary, although overall incidence rates of TB have proved extremely difficult to contain, good TB control programs may still be able to maintain stable incidence rates of TB among HIV-negative individuals living in populations with high prevalence of HIV. This may also imply that TB transmission rates can be kept constant, with important implications for control of TB in the coming decades. Controlling TB transmission and preventing a secondary epidemic of TB among HIV-negative individuals are important aims that may be achievable with conventional means, even in communities experiencing severe epidemics of HIV-associated TB. Preventing TB disease and deaths, among HIV-infected individuals, however, will require additional interventions to increase access to HIV-testing, antituberculous preventive therapy, and antiretroviral drugs.
